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Summary. Phiorizin binding is studied in isolated intestinal epi-
thelial cells of the chick. Cells are ATP depleted to allow exten-
sive manipulation of ionic gradients and membrane potential
(A). Phlorizin binding is assayed at steady state. Carrier specific
phlorizin binding is defined as p-glucose (90 mm) inhibitable
binding. Specific binding displays simple Michaelian kinetics as a
function of phlorizin, indicating the presence of a single homoge-
neous binding site. Sodium concentrations and Ay modify the
apparent binding affinity but not the maximum number of binding
sites. In contrast, the activation curve as a function of sodium
concentrations is sigmoid and the apparent maximum number of
binding sites at saturating sodium is phlorizin dependent. The
rate of phlorizin association is both Ay and sodium-concentra-
tion dependent. Dissociation is sodium-concentration dependent
but not Ay dependent. Theoretical analysis indicates binding or-
der of substrates is random. In addition, data suggests that the
phlorizin/sodium stoichiometry is 2: 1. The Ay dependence can
be explained by two models: either translocation is the Ay-de-
pendent step and the free carrier is anionic, or sodium binding is
the Ay-dependent step.

Key Words cotransport - membrane potential - sodium de-
pendent sugar transport - phlorizin binding

Introduction

It is well established that the transport of glucose in
small intestine and kidney is coupled to the trans-
port of sodium. However, the nature of the coupling
mechanism is still being explored. In chicken intes-
tine, Kimmich and Randles (1984) have established
that the coupling stoichiometry is 2 sodiums to 1
sugar. In a recent study, we have determined that
sodium-sugar cotransport in the same preparation
involves simultaneous transport of the substrates
(rather than a ping-pong mechanism), and we have
ruled out several other hypothetical models for
sugar transport. We have proposed the terter or-
dered model with binding order sodium/sugar/so-
dium (terter NSN) as the simplest model that can
explain our experimental data (Restrepo & Kim-
mich, 1985a,b).

Analysis of the binding of a competitive inhibi-
tor to a transport system is usually simpler than the
analysis of the flux kinetics (Turner & Silverman,
1980). Phlorizin is known to be a high affinity com-
petitive inhibitor for sodium-dependent sugar trans-
port. In rabbit kidney (Aronson, 1978), dog kidney
(Turner & Silverman, 1981), and rabbit intestine
(Tannenbaum et al., 1977; Toggenburger et al.,
1978; Toggenburger, Kessler & Semenza, 1982), the
study of phlorizin binding has provided important
information about the mechanism of sodium sugar
cotransport. Turner and Silverman (1981) using dog
kidney cortex have performed the most complete
study of steady-state phlorizin binding to date.
They conclude that binding of phlorizin to dog renal
cortex brush-border membranes is a process involv-
ing random binding of one phlorizin and one so-
dium. This stoichiometry is consistent with recent
measurements of sodium-glucose stoichiometry in
rabbit brush-border kidney cortex vesicles (Turner
& Moran, 19825).

Phlorizin binding has also provided useful infor-
mation about the coupling mechanism in intestinal
tissue. Based on results on the membrane potential
dependence of phlorizin binding to intestinal brush-
border vesicles of the rabbit, Toggenburger et al.
(1982) have postulated an ordered model with a neg-
atively charged free carrier as the possible mecha-
nistic basis for sodium-sugar cotransport. How-
ever, Toggenburger et al. could not carry out a
complete kinetic analysis of phlorizin binding at
steady state due to a large amount of nonspecific
binding and because of difficulty in maintaining dif-
fusion potentials for the length of time required to
attain steady-state phlorizin binding. As explained
in an earlier publication (Restrepo & Kimmich,
1985b), the terter NSN model proposed by us for
sodium sugar cotransport in small intestine can also
provide a mechanistic basis for explaining the phlo-
rizin binding data of Toggenburger et al. (1982).
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Table 1. Composition of the media

Media Mannitol Na* TMA* K* Gluconate NO,
1 100 150 100 250
11 100 150 100 250
I 100 50 200 250
v 100 500 500
v 100 500 500
VI 100 500 500
VI 100 150 100 250
VIII 100 150 100 250
IX 250
X 300 300
X1 300 300
XII 150 150 300
XIIT 100 300 150 450
X1v 100 300 150 450
XV 100 450 450

All concentrations are in mM.

In this study, we carry out a complete kinetic
analysis of phlorizin binding to ATP-depleted
chicken intestinal cells. The results allow us to test
our proposed model and to provide firmer ground
for comparing the chicken intestinal transporter to
the kidney cortex transporter and to the rabbit in-
testinal transporter.

Materials and Methods

CELL IsoLATION AND ATP DEPLETION

Chick intestinal villi cells were isolated using the hyaluronidase
digestion procedure described earlier (Kimmich, 1970). After
isolation, cells were washed once in ice-cold isolation media and
were ATP depleted by incubation with 80 uM rotenone and 200
uM ouabain (Carter-Su & Kimmich, 1979). De-energized cells
were placed on ice and used within 2 hr.

Cells were isolated in solutions of different osmolarities
ranging from 500 to 1200 mosM. All solutions had 25 mm
HEPES-Tris! (pH 7.4 at 37°C), 1 mM CaCl,, 1 mm MgCl,, 1 mg/
ml BSA (bovine serum albumin; Sigma fraction V) plus salts and
mannitol as indicated in Table 1. Protein was measured employ-
ing the biuret method (Gornall, Bardawill & David, 1979).

PHLORIZIN BINDING ASSAY (STEADY STATE)

Steady-state phlorizin binding was assayed at 37°C. Ninety ul of
prewarmed radioactive solution were placed at the bottom of a
miniscintillation vial (Starstedt) and 10 ul of cells (20-60 mg cell
protein/ml) were placed on the opposite side of the vial. Binding
was started by mixing the solutions quickly by vortexing for 6

I N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid
(Sigma Chemical).

sec. Unless otherwise specified, the reaction was stopped after
15 sec by adding 5 m! of ice-cold stop solution. Measurements
with a YSI tele-thermometer indicated that the temperature of
the solution stayed within 2 degrees of 37°C. Cells were immedi-
ately centrifuged for 10 sec at 8000 x g in an Adams MHCT table
top centrifuge. The cell pellets were dried and washed again with
5 ml of stop media. The entire wash procedure required 30-40
sec. For each individual experiment, measurements were done in
triplicate.

The ice-cold stop media contained 25 mm HEPES-Tris, 1
mm CaCl,, 1 mm MgCly, 1 mg/ml BSA and enough NaCl to make
the solution isosmolar with the incubation solution (NaCl con-
centrations were always larger than 300 mm). The rate of phlori-
zin dissociation from cells homogeneously suspended in ice-cold
stop solution containing 300 mm sodium was —0.29 = 0.03 min !
(mean * sp n = 3). However, we found that once the cells are
centrifuged to a pellet (less than 10 sec) diffusion of phlorizin
from the pellet is slow (the ratio of the amount of glucose-inhibit-
able phlorizin binding measured after the two washes to that
measured after the initial 10-sec centrifugation was 1.03 = 0.04
mean = sD from three experiments). Since the second wash
lowered the background binding by twofold without measurable
loss of glucose inhibitable phlorizin binding, the two-wash proce-
dure was used. Addition of phiorizin (30 uMm) to the stop solution
did not modify the results. Hence, the procedure resulted in
retention of more than 95% of the bound phlorizin.

MEASUREMENT
OF ASSOCIATION AND DISSOCIATION RATES

As shown in the results, phlorizin binding at 37°C reaches steady
state within less than 7 sec. In preliminary experiments we found
that dissociation at 37°C is complete in less than 30 sec. Since
measurement of rates of association and dissociation under these
conditions would be impractical, all measurements of rates were
performed at 1-2°C. The stop solution used was the same as in
the steady-state experiments with phlorizin (30 umM) added.

Dissociation

Cells were isolated in a solution containing (in mm) 150 K-gluco-
nate, 150 TMA-gluconate, 100 mannitol plus divalent cation
salts, buffer and BSA. Cells were de-energized by incubation for
10 min with 80 uM rotenone, 200 uM ouabain, and 40 ug/ml
valinomycin. Phlorizin was bound at 37°C using the standard
technique to assay phlorizin binding at steady state. The solution
used for this purpose contained (final concentrations in mm): 270
NaNQO;, 100 mannitol, 15 TMA-gluconate, 15 K-gluconate, 900
uM phioretin, 0.1 uM radioactive phlorizin plus rotenone, valino-
mycin, and ouabain. At this phlorizin concentration, more than
93% of the total phlorizin bound can be prevented from binding
by addition of 90 mM D-glucose. Debinding was initiated by add-
ing 5 ml of ice-cold debinding medium to the 100 ul of ceils to
which the tritiated phlorizin was bound. The incubation vials
were placed on ice and centrifugation (10 sec) was started at
different times. In each run, one sample was centrifuged immedi-
ately (Bo) and another sample was centrifuged after six min at
37°C (B,,). B was taken as nonspecific binding and trapping and
was subtracted from all experimental values for that run. Results
were normalized by dividing each value by Bo — B. All debinding
solutions contained 30 pM unlabeled phlorizin.
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Association

Cells were isolated in a medium containing in mM: 100 mannitol,
300 TMACI, 150 KCl plus buffer, divalent cation salts, and BSA.
After isolation, 80 um rotenone, 200 uM ouabain, and 40 ug/ml
valinomycin were added. Binding was assayed with the same
procedure used to assay binding at 37°C except that all steps
were carried out at 1-2°C and that the wash media contained 30
uM unlabeled phlorizin. The binding rate, in the presence of 270
mM Na* and a negative Ay ranged from 0.1 to 0.5 pmol - mg=' -
min~"in different experiments. Data were normalized as follows:
Since the zero-time intercept was the same for the different cases
(see Fig. 10b), this was taken as trapping or nonspecific binding
and was subtracted from all data. The data at 270 mMm Na* and
negative Ay was fit to B = B,(1 — ¢~*) where 1 is time and « and
B; are fit parameters. The calculated value for B at 1.2 min was
then set to 1 by multiplying by a factor f. All data points in the
experiment were then normalized by multiplying by f.

Tritiated phlorizin (57.2 Ci/mmol) was purchased from New
England Nuclear (Boston, Mass).

Results

TiME COURSE OF PHLORIZIN BINDING
To ATP-DEPLETED CHICK ENTEROCYTES

When phlorizin binding (5 uM) to isolated intestinal
cells is assayed in the presence of a sodium gradient
(Fig. 1a), about 50% of the binding can be inhibited
by addition of 90 mMm D-glucose (addition of 180 mm
D-glucose yields the same result). When the p-glu-
cose-inhibitable binding (specific binding) is plotted
vs. time (Fig. 1b), it is clear that steady-state bind-
ing is attained in Iess than 6 sec and that the amount
bound is constant for a period of 6 to 60 sec. The
results of this experiment at low phlorizin (0.095
uM) are similar except that nonspecific binding is a
smaller percentage of total binding (data not
shown).

PHLORIZIN CONCENTRATION DEPENDENCE
OF PHLORIZIN BINDING

In order to evaluate the concentration dependence
for the specific binding process, the amount of phlo-
rizin bound after a 15-sec interval = 90 mM p-glu-
cose was assayed. Because it was important to re-
duce nonspecific binding, we also tested the effect
of phloretin, the aglycone of phlorizin, which is a
structural analog of phlorizin but which does not
inhibit the Na*-dependent sugar transport system.
Table 2 shows that addition of 900 um phloretin
lowers nonspecific binding by a factor of two with-
out modifying carrier specific binding. For this rea-
son, phloretin was included in most subsequent ex-
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Fig. 1. Time course of phlorizin binding to isolated viili cells.
Cells were isolated in solution I and de-energized by preincuba-
tion with rotenone and ouabain. At the start of each binding
assay, cells were diluted 1: 10 in medium II which contains 150
mM sodium. A negative-inside diffusion potential was created
with a 10-fold potassium gradient plus 40 ug/ml valinomycin.
After dilution, the assay medium contained 5 uM radioactive
phlorizin. (a) Total phlorizin binding plus (x) or minus (@) 90 mMm
D-glucose (replacing mannitol). (b} The p-glucose inhibitable
portion of phlorizin binding (specific binding)

periments relating to the binding kinetics of phlori-
zZin,

Figure 2a displays the results of a typical exper-
iment in which the phlorizin concentration depen-
dence of phlorizin binding is studied at a fixed extra-
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Table 2. Effect of phloretin on phlorizin binding

Phloretin Phlorizin Specific binding Nonspecific binding "
(uM) (um)
pmol/mg Normalized pmol/mg Normalized
0 0.2 2.53 £0.78  1.00 0.41 = 0.13  0.17 = 0.04 3
900 0.2 2.65 £ 0.85 1.05 = 0.07 0.24 = 0.10  0.10 = 0.03 3
0 4.0 3.97 1.00 5.21 1.31 1
900 4.0 3.94 0.99 2.53 (.64 I

Measurements were done using de-energized cells in the presence of a negative membrane potential
(created using a 10-fold potassium gradient and 40 pg/ml valinomycin) and 135 mMm extracellular
sodium. Values shown are means = sp. Specific binding defined as p-glucose-inhibitable (90 mm) phlo-
rizin binding. Amounts were normalized in each experiment to the control specific binding.

Table 3. Effect of different extracellular cations on D-glucose-
inhibitable phlorizin binding (specific binding)

Extracellular cation Specific binding
(135 mmMm) (normalized)
Sodium 1.00

TMA* 0.019 = 0.008
Lithium 0.056 =+ 0.030
Potassium 0.017 £ 0.009
Trizma 0.023 = 0.015

Measurements were done using de-energized cells in the pres-
ence of a negative membrane potential created using a 10-fold
potassium gradient and 40 pg/ml valinomycin (except in the pres-
ence of extracellular potassium when the potential was zero).
Phlorizin concentration was 0.2 uM. Values were normalized in
each experiment to the specific binding in the presence of so-
dium. The average specific binding in the presence of sodium
was 2.53 + 0.78 pmol/mg. All values are mean * SD.

cellular sodium concentration and an interior
negative membrane potential. As shown, the non-
specific component of phlorizin binding does not
saturate in the range of 0-18 um phlorizin. On the
other hand, Fig. 2b shows that specific phlorizin
binding saturates and that the data can be fit by a
rectangular hyperbola [Eq. (1)].

B = BmPI(K,,, + P) (1)

where B is bound phlorizin, P is the extracellular
concentration of phlorizin and K, is the apparent
affinity constant. The maximum number of binding
sites (Bm) was found to be 10 = 3 pmol per mg of
cellular protein {mean * sp, n = 8, range: 6.5~
15.7). This translates to 6 million binding sites per
cell (using an estimated 108 cells per mg of protein
(Kimmich, 1970)). The apparent binding constant
(Kmp) under these conditions exhibited considerable
variability from experiment to experiment: 1.60 *
0.63 uM (mean * sp, n = 8, range: 0.9-2.6 um).

CATION DEPENDENCE
OF SPECIFIC PHLORIZIN BINDING

Table 3 shows that phlorizin binding is highly de-
pendent on the presence of extracellular sodium.
Replacing sodium by other cations inhibits more
than 95% of the specific phlorizin binding. Sodium
increased the affinity of phlorizin binding without
modifying the number of binding sites as shown in
Fig. 3.

SobI1UM ACTIVATION
OF SPECIFIC PHLORIZIN BINDING

The sodium dependence of specific phlorizin bind-
ing was investigated at a fixed inside-negative mem-
brane potential (using potassium plus valinomycin).
Figure 4 shows the results of these experiments for
two phlorizin concentrations: 0.095 and 0.9 uM. As
shown in Fig. 4b and c, the data cannot be fit by a
straight line in a Scatchard piot, but can be linear-
ized when plotted in a modified Scatchard plot
where a Hill coefficient for sodium of 1.6 is used
[the Hill coefficient # is defined in Eq. (2)]. The
binding level reached at saturating sodium concen-
trations is phlorizin dependent.

B = BmaN"(N" + Km"). (2)

In the same set of experiments, the absolute
maximum number of binding sites Bm was deter-
mined by measuring binding of phlorizin at 135 mm
sodium and 15 uM phlorizin and correcting for the
degree of saturation achieved at those substrate
concentrations using the average value for K,,, re-
ported above. Figure 5 shows that when the binding
level reached at saturating sodium concentrations
found at the two different phlorizin concentrations
in Fig. 4b and ¢ and the maximum number of bind-
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Fig. 2. Phlorizin concentration dependence of phlorizin binding.
Cells were isolated in medium I and de-energized. To initiate
each binding assay, cells were diluted 1: 10 into medium II (150
mM sodium) containing radioactive phlorizin (0.22-20 uM) and 1
mM phioretin. An inside-negative diffusion potential was created
using a potassium gradient plus 40 ug/ml valinomycin. («) Total
phlorizin binding in the presence (x) or absence (@) of 90 mM D-
glucose. (b) Specific binding. The curve shown in b is the best fit
of Eq. (1) to the data. The fit parameters are Bm = 15.67 pmol/mg
and K, = 1.20 uM. The nonspecific binding was fit by B =
(1.53)P where B is expressed in pmol/mg and P in uM

ing sites are plotted in a Scatchard plot, the points
fall on a straight line. The significance of this is
discussed later.

The dependence of K, on sodium can be dis-
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Fig. 3. Scatchard plot of phlorizin binding as a function of phlori-
zin at two different sodium concentrations. Cells were isolated
and diluted as in Fig. 2 except final extracellular sodium concen-
trations were in mM either 135 (x) or 45 (@) (replaced by TMA™).
The data have been corrected for nonspecific binding by sub-
tracting binding in the presence of 90 mM p-glucose. The results
are the average from four experiments = SEm, # = 4. Data from
each experiment were normalized to the average maximum bind-
ing found by Scatchard analysis of the data at 135 and 45 mm
sodium. The average Scatchard parameters are: at 135 mM so-
divm, K, = 1.36 = 0.22 uM, Bm = 11.36 = 2.98 pmol/mg; and at
45 mMm sodium, K., =3.18 £0.78 uM, Bm = 10.90 + 2.89 pmol/
mg. The average ratio of Bm(45 mm Na)/Bm(135 mm Na) = 0.96
* 0.09 and the ratio of Ko (45V/K,,,,(135) = 2.44 = 0.65 (all values
are mean * SD, n = 4)

played by calculating X,,, using Eq. (3)
K.y = P((Bm/B) — 1). (3)

An internal check for consistency is provided by the
fact that when K., found by this procedure is plot-
ted vs. sodium concentration, the result should be
the same regardless of the phlorizin concentration
at which the data was gathered. Figure 6 shows that
this prediction is fulfilled whether K, is calculated
using the data gathered at 0.095 or 0.9 uM phlorizin.

MEMBRANE POTENTIAL DEPENDENCE
OF SPECIFIC PHLORIZIN BINDING

Figure 7 shows that the apparent affinity constant
for phlorizin is altered by changing the membrane
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potential. The membrane potential does not change
the maximum number of binding sites.

SPECIFICITY OF SUGAR INHIBITION
OF PHLORIZIN BINDING. IONIC STRENGTH
AND OSMOLARITY EFFECTS

Figure 8 shows the effect of various sugars on the
magnitude of specific phlorizin binding. Actively
transported sugars [galactose, « and 8 methyigluco-
sides and 3-O-methylglucose (Crane, 1960; Kim-
mich & Randles, 1981)] all inhibit specific phlorizin
binding to a greater extent than sugars which are
not transported by the Na*-independent carrier [2-

b
28 ¢

2:4 F ,_Ll

(Bound/N™ (pmol/(mg.mM"). F

1 L i i
0.1 0.2 0.3 0.4 0.5 0.6 0.7
Bound (pmol/mg)

Fig. 4. Sodium activation of phlorizin binding at different phlori-
zin concentrations. Displayed are the mean = sem of the results
for three experiments in which phlorizin binding was assayed at
either 0.095 or 0.9 uM phlorizin at various outside sodium con-
centrations. Cells were isolated in medium IV and de-energized.
To initiate binding, cells were diluted 1:10 in media contain-
ing 0-500 mM sodium (a mixture of media V and VI), radio-
active phlorizin and | mm phloretin. A negative inside diffusion
potential was created with a 10-fold potassium gradient and 40
pg/ml valinomycin. Phlorizin binding has been corrected for
nonspecific binding (typically 0.1-0.1{5 pmol/mg). () Specific
phlorizin binding as a function of extracellular sodium at 0.095
(O) or 0.9 (x) uM phlorizin. (b) Scatchard {# = 1 in Eq. (2)] (x)
and modified Scatchard {n = 1.6 in Eq. (2)] (@) plots of phlorizin
binding as a function of sodium at 0.095 uM phlorizin. {¢) Same
plots at 0.9 uM phlorizin. Curves drawn are the best fit of Eq. (2)
to data with n = 1.6. In b and ¢ the units in the ordinate were
multiplied by a factor F. Forb,n = 1(x), F= 10 *, n = 1.6 (@), F
=100 Fore,n=1x),F=10%n=16(@.F=107°

deoxyglucose and p-mannose (Crane, 1960; Kim-
mich & Randles, 1976)].

Figure 8 also shows that changing the osmolar-
ity of the outside media from 532 to 1151 mosm does
not alter specific binding significantly. In previous
experiments we have determined that intracellular
volumes change in response to osmolarity in iess
than 10 sec (data not shown). The lack of osmotic
effects on cellular phlorizin indicates that phlorizin
is bound rather than accumulated inside the cells.
The figure also shows that there is no effect of
changing the ionic strength (1) of the outside bath-
ing media from 168 to 419 mM on specific phlorizin
binding. These experiments were carried out at 8
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Bound/Phlorizin
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Fig. 5. Scatchard plot (as a function of phlorizin concentration)
of the binding level reached at saturating sodium concentrations
(Bmn). The apparent maximum number of binding sites Bmn at
0.095 and 0.9 um phlorizin was found by extrapolation to infinite
sodium in the modified Scatchard plots of the data in Fig. 4b and
¢ (x axis intercepts) and the absolute number of binding sites (at
infinite phlorizin) was measured experimentally as explained in
the results. These values are displayed in this figure in a Scat-
chard plot as a function of phlorizin concentrations. The fit of
Eq. (1) to the data yields an affinity constant of 0.89 um and 7.23
pmol/mg for the maximum number of binding sites (see Discus-
sion)

uM phlorizin in order to avoid effects related to
changes in the membrane potential due to diffusion
potentials.

PHLORIZIN BINDING AND DEBINDING RATES:
EFFECTS OF SODIUM AND MEMBRANE POTENTIAL

In preliminary experiments, we found that the rates
for phlorizin binding and debinding at 37°C are too
fast to allow accurate measurement. However,
when the temperature of the assay is dropped to 1-
2°C, it becomes possible to measure binding and
debinding rates. Figure 9 shows that phlorizin de-
binding follows an exponential time course. Debind-
ing is highly dependent on the presence of extracel-
lular sodium, but is not affected by a change in the
membrane potential. On the other hand, the rate of
phlorizin binding is also highly dependent on so-
dium, but in addition, is dependent on the mem-
brane potential (Fig. 10). Addition of 90 mm p-glu-
cose lowered the binding rate at 270 mM Nat, Ay <

3Br

30+

L i 1 i I
100 200 300 400 500
Sodium (mM)

Fig. 6. Apparent affinity constant for phlorizin (K,,) as a func-
tion of extracellular sodium. K, was calculated by transforming
the data in Fig. 4a using Eq. (3). The triangles are the data
calculated form the binding at 0.095 wM phlorizin, and the circles
are those calculated from the data at 0.9 um phlorizin. Values are
shown = SEM, n = 3

(pmal/(mg.uM))

Bound/Phlorizin

Bound (pmol/mg)

Fig. 7. Scatchard plot of specific phlorizin binding as a function
of phiorizin at two membrane potentials. Cells were isolated in
medium I and de-energized. At the initiation of binding, cells
were diluted 1:10 in either medium II or VII (150 mm sodium)
plus different concentrations of phlorizin (0.22-20 uM), and 1
m phloretin. Negative (x) or near zero (@) membrane potentials
were created using different potassium gradients and 40 pg/ml
valinomycin. The Scatchard parameters for this experiment are:
negative Ay: K., = 1.35 um, Bm = 9.0 pmol/mg; zero Aus: K., =
2.63 uM, Bm = 8.0 pmol/mg
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Fig. 8. Effect of the addition of sugars and changes in osmolarity
and ionic strength on specific phlorizin binding. Cells were iso-
lated in solution IX and were de-energized. Valynomycin (40 ug/
ml) was added. At the start of the assay cells were diluted 1 to 10
such that the final concentrations were: 135 NaNOs, 25 K-gluco-
nate, 100 mannitol or 10 mannitol plus 90 p-glucose, 8 uM radio-
active phlorizin, rotenone, ouabain and valinomycin plus: con-
trol: 90 mM mannitol (532 mosM, { = [68 mm); 90 mMm
p-mannose; 90 mM 2-deoxyglucose; 90 mMm D-galactose; 90 mMm
a-methylglucoside, 90 mm B-methylglucoside, 90 mm 3-O-
methylglucose. Hyperosmolar: 540 mm mannitol (1150 mosm, [
= 168 mm); High 71: 225 Tris-cyclamate pH 7.4 plus 90 mm
mannitol (1370 mosM, I = 341 mm) and High I2: 225 TMA-
gluconate plus 90 mM mannitol (1200 mosM, f = 419 mm). The
data shown are the average of two sets of three experiments =
sp. The data were normalized to the control in each experiment.
The average value for the control is 12.87 # 2.73 pmol/mg (mean
+ sp, n = 6). The nonspecific binding was in the range 8-12
pmol/mg

0 to a level approximately equal to the level with no
Na* (data not shown).

Discussion

The large surface-to-volume ratio of isolated intesti-
nal epithelial cells allows measurement of initial
rates of sugar uptake during intervals as large as 0—
60 sec (Kimmich & Randles, 1981). The constancy
of the rate of sugar influx over this interval indicates
that the driving forces for the transport process are
constant (sodium concentrations and membrane po-
tential). We expected phlorizin binding to depend
on these driving forces and hence to be constant in
this time frame. In agreement with this premise, we
find that D-glucose-inhibitable phlorizin binding to
isolated enterocytes is constant for the period of 6—
40 sec. This characteristic makes this preparation
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Fig. 9. Debinding of phlorizin: effect of sodium and the mem-
brane potential. Cells were isolated and debinding was assayed
at 1-2°C under conditions where more than 93% of the phlorizin
bound was D-glucose inhibitable as explained in Materials and
Methods. The membrane potential was controlled using potas-
sium and valinomycin (cells were isolated in a medium contain-
ing 150 mM K-gluconate; see Materials and Methods). At the
initiation of debinding cells were diluted 50-fold in media such
that the final sodium concentration and membrane potentials
were: (i) (x) A < 0; 299.4 mM Na* (medium X). (i) (O) Ay < 0;
5.4 mm Nat (medium XI). (i) (A) A < 0; 152.4 mm Na~ (1:1
mixture of media X and XI), and (iv) (*) A = 0; 152.4 mm Na*
(medium XII). All debinding solutions contained 30 uM unla-
beled phlorizin. The rates of debinding were (mean + sp, n =3
inmin~"): (i) 299.4 Na*: —0.29 + 0.03; (i) 5.4 Na*: —1.54 £ 0.2;
(i) 152.4 Na*, Ay < 0: —0.54 + 0.03; (iv) 152.4 Na*, Ay = O:
—0.48 = 0.10. The average bound phlorizin at zero time was 1.37
+ (.24 pmol/mg (mean * sD)

specially suited to the study of the kinetics of phlo-
rizin binding.

Our data show that steady-state phlorizin bind-
ing is highly dependent on the presence of extracel-
lular sodium, is altered by changes in the membrane
potential, and is inhibited by actively transported
sugars but not by sugars that cross the membrane
by facilitated diffusion. These characteristics sug-
gest that phlorizin is binding or being transported by
the mucosal sodium-dependent transport system in
agreement with observations derived from brush-
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border vesicle preparations (Aronson, 1978; Turner
& Silverman, 1981; Toggenburger et al., 1982).

Also in agreement with these studies we find
that in contrast to the behavior of actively trans-
ported sugars: (i) phlorizin binding, at concentra-
tions greater than the binding affinity, does not
change if the osmoilarity of the outside medium is
changed; (ii) the rate of phlorizin dissociation is
membrane-potential independent; (i) the rate of as-
sociation is highly dependent on A¢s; and (iv) addi-
tion of excess cold phlorizin does not inhibit phlori-
zin debinding. Since steady-state accumulation of
sugar is a function of medium osmolarity, and since
efflux of sugar is Ay-dependent and inhibited by ex-
cess cold phlorizin (Kessler & Semenza, 1983; G.
A. Kimmich, unpublished observations), these ob-
servations suggest that phlorizin is binding to the
sugar carrier rather than being transported into the
cells.

The excellent fit of specific phlorizin binding vs.
phlorizin concentration to a rectangular hyperbola
indicates the presence of a single homogeneous
class of binding sites for phlorizin in this prepara-
tion in agreement with the Michaelian behavior of
sugar fluxes on sugar concentration in chicken en-
terocytes (Restrepo & Kimmich, 1985q). This ob-
servation contrasts with studies in kidney where
there are two distinct types of binding sites [2 so-
dium : 1 sugar proximal medullary transporter and a
1 sodium:1 sugar cortex transporter (Turner &
Moran, 1982a)]. The apparent affinity constant for
phlorizin in our preparation is sodium dependent in
agreement with the data for kidney cortex (Turner
& Silverman, 1981).

However, it is the sodium dependence of spe-
cific phlorizin binding which provides a wealth of
kinetic information with implications for transport
mechanism. For instance, Fig. 4 shows that the ac-
tivation of phlorizin binding by sodium is fit by a
concave down curve rather than by a straight line
on a Scatchard plot in contrast with the data re-
ported by Turner and Silverman (1981) in dog kid-
ney cortex and Turner and Moran (198254) in rabbit
kidney cortex. This evidence, together with the di-
rectly measured sodium/sugar coupling stoichiome-
try of 2: 1 (Kimmich & Randles, 1980, 1984) for the
chicken intestinal transporter is highly suggestive
(but not a proof) of a stoichiometry of 2 sodiums per
phlorizin bound.

Another important feature of the data in Fig. 4
is that the level of phlorizin binding reached at satu-
rating sodium concentrations is phlorizin depen-
dent. This rules out all ordered binding models in
which the last step involves the binding of sodium
since in these models high concentrations of sodium
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Fig. 10. Phlorizin association rate: effect of sodium and the
membrane potential. Cells were isolated and binding of 0.1 uM
phlorizin was assayed at 1-2°C as explained in Materials and
Methods. The membrane potential was controlled by using po-
tassium and valinomycin. At the initiation of the binding assay
cells were diluted 1:10 in different solutions. The incubation
conditions were (final concentrations in mm): (i) (@) 270 Na*, Ay
< 0 (medium XIII); (ii) (A) 270 Na*, Ay = 0 (medium XIV); (iii)
(x) No Na* (medium XV). (a) Average from three experiments *
SEM. The data have been normalized and corrected for zero time
binding or trapping as discussed in Materials and Methods. The
absolute binding level at 270 mM Na* Ay < 0 and 7 = 1.2 min was
in the range 108 to 244 fmol/mg (corrected for the intercept) and
the intercept ranged from 20 to 38 fmol/mg. (b) Results from one
experiment showing an amplified time scale (the data for b were
not corrected for zero time binding or trapping and were not
normalized)

can trap the carrier in the phlorizin/sodium loaded
form(s) (see Appendix). In ordered models that in-
volve phlorizin as the last binding step, sodium can
only draw the carrier to the sodium-loaded phlori-
zin-free form which will then equilibrate with the
phlorizin-loaded form in accord with the phlorizin
concentration and the true affinity contrast for phlo-
rizin (Kp). Random models also exhibit this behav-
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ior (see Appendix). Hence, the data in Fig. 4 rules
out the bibi ordered phlorizin/sodium model and the
terter ordered phlorizin/sodium/sodium as well as
the ordered terter model involving sodium/phlori-
zin/sodium.

All remaining models predict that at saturating
sodium concentrations the apparent affinity con-
stant for phlorizin (K,,,) becomes equal to the true
affinity constant for phlorizin (Kp). This is illus-
trated in Fig. 6 in which the data in Fig. 4 was
transformed using Eq. (3) to display the sodium
concentration dependence of K,,. As shown, K,,,
decreases with increasing sodium and the curve ap-
proaches an assymptote at high sodium at a value of
about 0.9 uM. In the Appendix it is also shown that
(for the models that have not been ruled out) at
saturating sodium, the binding levels should follow
Eq. (1) with K,,, replaced by Kp and hence, when
displayed in a Scatchard format, the data should fall
on a straight line. Figure 5 shows that the data at
saturating sodium concentrations does indeed fit a
straight line in a Scatchard plot and a linear regres-
sion gives 0.89 uM for the true affinity constant for
this particular set of experiments.

The association and dissociation rates for phlo-
rizin have been shown to be sodium dependent in
rabbit kidney (Aronson, 1978), dog kidney cortex
(Turner & Silverman, 1981), and rabbit intestine
(Toggenburger et al., 1982). The large sodium de-
pendence for phlorizin association indicates that in
the presence of sodium, phlorizin association is a
preferred ordered event with sodium binding first
being the preferred pathway. The sodium depen-
dence of phlorizin dissociation rules out the ordered
terter sodium/sodium/phlorizin as a possible model
and indicates that in the absence of sodium, dissoci-
ation of sodium first is the preferred pathway. This
agrees with evidence from sodium seif exchange
through the sodium-dependent transporter which
indicates that (in the absence of sodium inside) so-
dium dissociation is the preferred pathway at the
intracellular interface (Kimmich & Randles, 1984).
The sodium dependence of both sodium dissocia-
tion and association and the phlorizin dependence
of binding levels at saturating sodium indicate that
phlorizin and sodium bind to the transporter in a
random fashion, but that the sodium first route is
favored over the phlorizin first route for associa-
tion. The sodium dependence of the rates also indi-
cates that sodium increases the binding affinity for
sugar (as explained by Aronson, 1978).

In view of evidence about the possibility that
sodium dependent systems may share a common
subunit that couples the flux of sodium to the flux of
other solutes in Escherichia coli (Zilberstein, Ophir,
Padan & Schuldiner, 1982), it is interesting to point

out that a random binding model would agree with a
multisubunit arrangement in which the sodium bind-
ing site is in a different subunit from the sugar (phlo-
rizin) binding site. A random sodium/phlorizin bind-
ing mechanism (but with a 1:1 stoichiometry) was
proposed by Aronson (1978) for rabbit kidney cor-
tex and by Turner and Silverman (1981) for dog
kidney cortex. In the kidney cortex system the pro-
posed phlorizin/sodium binding stoichiometry is
supported by firm measurements of the sugar/so-
dium stoichiometry. Hence, it may be that the dif-
ference between the kidney cortex transporter and
the chicken intestinal transporter is that the cou-
pling stoichiometries are different with similar bind-
ing mechanisms. Comparison of the chicken intesti-
nal transporter with the rabbit intestinal transporter
is less clear. The experimental observations re-
ported by Toggenburger et al. (1982) could be ex-
plained by our proposed model.

The Ay dependence of the apparent affinity
constant for phlorizin and of the association con-
stant, and the Ay independence of phlorizin dissoci-
ation indicate that if translocation is the membrane
potential-dependent step, the free carrier must be
negatively charged (Toggenburger et al., 1982;
Aronson, 1978, 1984). Alternatively, the observed
membrane potential dependence can also be due to
potential-dependent sodium binding (Restrepo &
Kimmich, 1985b). A model of this type, in which
the first sodium must traverse part of the electric
field to reach its binding site but the second sodium
binds close to the extracellular interface, would ex-
hibit a large Ay dependence for the association con-
stant and a small Ay dependence for the dissocia-
tion constant.

Since phlorizin is a competitive inhibitor for
sugar and since the sodium and membrane potential
behavior of sugar influx resembles that of phlorizin,
it is probable that the binding mechanisms for both
solutes to the sodium-dependent transporter are
alike. In an earlier paper (Restrepo & Kimmich,
19854), we had favored an ordered terter model
with binding order sodium/sugar/sodium over the
random binding model for sugar because of obser-
vations on sodium self exchange through the trans-
porter, which suggest that debinding is ordered (so-
dium debinding first). Even though at low sodium a
particular debinding route is favored, the data taken
in total suggest that the binding order is random and
that the random 2 sodium to 1 sugar mechanism
should be considered as the most likely candidate
for sodium-sugar cotransport in chicken intestine.
The random binding model for sugar transport pro-
vides a theoretical basis for explaining the experi-
mentally determined [sodium], [sugar], and mem-
brane potential dependence for sodium-dependent
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sugar fluxes (Restrepo & Kimmich, 19854.5; also
see Appendix).

We acknowledge the excellent technical assistance by Mrs.
Geraldine Bebernitz. This work was supported by the National
Institute of Arthritis, Metabolism and Digestive Diseases Grant
AM-15365.
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Appendix

THEORETICAL ANALYSIS
Phlorizin Binding

In order to carry out the analysis of the kinetic data, we solved
the binding equations using the King-Altman method (King &
Altman, 1956; Segel, 1975; Hill, 1977). In this Appendix, we will

explain, in terms of King-Altman theory, the results relevant to
this article. The kind of binding models that we consider are
those that bind both phlorizin and sodium with 1: 1 and 2 : 1 phlo-
rizin/sodium stoichiometries. For all cases, the form of the bind-
ing equation as a function of phlorizin and sodium is

B = BmNum(P,N)/Den(P,N) (A1)
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Fig. 11. Diagrams of binding and transport models considered.
(a) Ordered binding models in which phiorizin is the last binding
step. The different states of the transport system are labeled with
numbers. (b) Random binding models. Shown are the states
whose King-Altman terms will rule the binding equation at high
sodium. (¢} 2 sodium : 1 sugar terter random order model

where P and N are sodium and phlorizin concentrations, Bm is
the absolute maximum number of binding sites, and Num and
Den are polynomials in terms of P and N.

1) Ordered binding models in which sodium is the last ligand
to bind have a binding level at saturating sodium (Bmn) indepen-
dent of phlorizin concentrations (P).

To find Bmn, it is necessary to find the terms in the de-
nominator and numerator of the binding equation that are of
highest order in sodium. If the last binding step involves sodium

binding, the term with highest order in sodium in the denomina-
tor and numerator will be the King-Altman term corresponding
to the totally loaded form of the phlorizin/sodium receptor. Since
this term appears in both denominator and numerator, at saturat-
ing sodium the terms will cancel and the number of binding sites
at saturating sodium (Bmn) will be equal to Bm.

2) For ordered models in which phlorizin is the last ligand to
bind, Bmn depends on phiorizin as

B = BmP/(Kp + P) (A2)

where Kp is the true affinity for phlorizin to the transporter.

For these models the last two steps are a sodium binding
step followed by a phlorizin binding step. At saturating sodium,
the two terms with highest order in sodium will be those King-
Altman terms that correspond to binding states to the right of the
last sodium binding step. In Fig. 11a we have labeled these two
states as / and 2. Of these two steps only 2 will appear in the
numerator. The mathematical form for the two King-Altman
terms corresponding to these states is: for 2, C(N)k;; P and for 1.
C(N)ky. Where C(N) is a function of sodium (N). Hence, the
binding equation at saturating sodium will be Eq. (A2) with Kp =
ka/fkia.

For the random models, the argument is similar except that
the diagram instead of looking like Fig. 114 is as depicted in Fig.
115. In this case, at saturating sodium states, 1 and 2 are the only
ones left. Using the same reasoning as above, we find that the
binding equation at saturating sodium is given by Eq. (A2).

Random Binding 2 Sodium : 1 Sugar Terter
Model: Some Remarks on the Membrane
Potential and Sodium Dependence of the
Maximum Velocity for Sugar when Translocation
is Rate Limiting

In an earlier paper (Restrepo & Kimmich, 19856) we found that
the maximum velocity for sugar transport as a function of sugar
is membrane-potential independent and that the K,,, is highly
membrane-potential dependent. We analyzed the implications of
these results in terms of the ordered binding terter NSN model
when translocation is rate limiting and concluded that the model
in which translocation is membrane-potential dependent and the
free carrier is neutral could be discarded. The corresponding
analysis for the random 2 sodiums : 1 sugar model is as follows:

The equation that describes sugar flux for this model was
solved in Restrepo and Kimmich (1985a). The maximum velocity
J..e (.., the flux at saturating sugar) is given by

s = phaaNY(KnaKna + NKyg + (1 + (K 2/ K )IN? (A3)

where the rate constants are defined according to Fig. 11c. If the
free carrier is neutral, the membrane potential-dependent term
will be the rate constant k. In order for J,, to be membrane-
potential independent (as shown experimentally in Restrepo and
Kimmich (1985a), the term K,,/K(N?%) must be much larger than
all other terms in the denominator. However, in this case, J,,
would also be sodium independent contrary to experimental evi-
dence presented by us (Restrepo & Kimmich, 1985a.b). Hence,
the model where translocation is the membrane potential-depen-
dent step and the free carrier is not charged is not an appropriate
candidate for sodium-dependent sugar transport.



